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DTIAging is associated with declining cognitive performance as well as structural changes in brain gray and
white matter (WM). The WM deterioration contributes to a disconnection among distributed brain networks
and may thus mediate age-related cognitive decline. The present diffusion tensor imaging (DTI) study inves-
tigated age-related differences in WM microstructure and their relation to cognition (episodic memory, vi-
suospatial processing, ﬂuency, and speed) in a large group of healthy subjects (n=287) covering 6
decades of the human life span. Age related decreases in fractional anisotropy (FA) and increases in mean dif-
fusivity (MD) were observed across the entire WM skeleton as well as in speciﬁc WM tracts, supporting the
WM degeneration hypothesis. The anterior section of the corpus callosum was more susceptible to aging
compared to the posterior section, lending support to the anterior–posterior gradient of WM integrity in
the corpus callosum. Finally, and of critical interest, WM integrity differences were found to mediate age-re-
lated reductions in processing speed but no signiﬁcant mediation was found for episodic memory, visuospa-
tial ability, or ﬂuency. These ﬁndings suggest that compromised WM integrity is not a major contributing
factor to declining cognitive performance in normal aging. This article is part of a Special Issue entitled: Im-
aging Brain Aging and Neurodegenerative disease.Brain Aging and Neurodegen-
e Medical Biology, Center for
Umeå, Sweden. Tel.: +46 70
berg),
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Aging is associated with declining cognitive performance [1,2] and
concomitant alterations in brain activity measured by functional neu-
roimaging techniques. Several functional neuroimaging studies have
reported age-related activity reductions in sensory regions (e.g. occip-
ital areas) coupled with changes (decreases and increases) in higher
associative regions (e.g. frontal and hippocampal regions; [3–5]). Cog-
nitive decline and related brain activity changes may be mediated by
several factors such as life-style [6], structural brain changes [7–9]
and neurotransmission [10]. Furthermore, a relatively unexplored fac-
tor of potential relevance is age-related changes in white matter
(WM) integrity [11,12].
Age-related WM changes and their inﬂuence on cognition have
previously received relatively little attention, possibly due to techni-
cal limitations. However, lately there has been an increasing focuson utilizing diffusion tensor imaging (DTI) to exploit the relations
among WM microstructure, cognitive functioning, and aging [13].
DTI is a form of magnetic resonance imaging (MRI) that measures
the directionality and magnitude of water molecule diffusion across
tissue components [14–17]. Diffusion is estimated in terms of eigen-
vectors and corresponding eigenvalues (λ1, λ2 and λ3 indicate the
rate of diffusion along one major axis and two orthogonal minor
axes, respectively) of an ellipsoid from which various properties of
water diffusion can be exploited. Fractional anisotropy (FA) and
mean diffusivity (MD) are two of the most frequently used properties
of DTI measures of WM integrity. MD represents the average rate of
water diffusion (mean of λ1, λ2 and λ3) regardless of directionality,
whereas FA reﬂects how direction-speciﬁc (i.e. anisotropic) the diffu-
sion of water is. Higher values of MD denote a high rate of diffusion,
possibly indicating poor local WM integrity. Correspondingly, higher
values of FA reﬂect more consistent diffusion orientation possibly
due to intact local WM integrity. Thus, a pattern of increased MD
and decreased FA is a characteristic of age-related changes in WM
integrity.
Accordingly, several previous DTI studies of aging have reported
age-related decreases in FA and increases in MD throughout the
brain [11,18–24]. In addition to providing evidence for overall global
decline in WM integrity, most of the prior studies also demonstrated
Table 1
Subject's distribution with age.
Age interval
(years)
Mean age±SD
(years)
N subjects
(males/females)
Mean education±SD
(years)
25–30 27.37±2.56 19 (9/10) 15.44±2.55
35–40 37.22±2.56 18 (9/9) 15.80±2.68
45–50 47.78±2.56 18 (9/9) 13.55±2.56
55 55.00±0.00 50 (23/27) 14.60±3.15
60 60.00±0.00 49 (26/23) 14.12±3.41
65 65.00±0.00 50 (25/25) 14.20±4.49
70 70.00±0.00 44 (19/25) 12.03±4.20
75–80 75.77±1.83 39 (19/20) 10.52±4.52
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tracts are more vulnerable to aging compared to posterior tracts
[11,20,22,25–27] (for reviews see [12,28]).
Despite the relatively large body of studies documenting age-re-
lated differences in WM microstructure, the relation between WM
and cognition, as well as their joint association with aging, is still a
matter of debate [12]. A key ﬁnding in a majority of previous studies
has been a correlation between WM integrity and cognitive tests
measuring processing speed and executive functioning, and also mag-
niﬁcation of such relations as a function of age [12,29–35]. For exam-
ple, by using tractography, Davis and colleagues [31] conducted a
step-wise regression approach to examine the degree to which age-
related changes in WM pathways accounted for age-related changes
in executive-function and visual memory tasks. They observed that
FA in anterior tracts was primarily associated with executive tasks,
whereas FA in more posterior tracts was associated with visual mem-
ory tasks. Similarly, using regression analyses of whole-brain DTI pa-
rameters, Vernooij and colleagues [35] investigated the relation
between WM integrity and a set of cognitive measures (memory, ex-
ecutive function, information processing speed, global cognition, and
motor speed) in an elderly population. They reported that higher MD
values were related to worse performance on tests relying on infor-
mation processing speed, global cognition, and executive function,
whereas lower FA was only associated with worse performance on in-
formation-processing speed tests. With the exception of this latter
study, most previous studies have had a limited range of cognitive
tests, and sample sizes have usually been small. Moreover, most stud-
ies have relied on extreme-group comparison, which prevents strong
conclusions regarding the association betweenWM integrity and cog-
nition across the adult life span. Most critically, the correlational ana-
lyses that the majority of previous studies rest upon are not sufﬁcient
to establish a mediation effect of WM integrity on the relation be-
tween age and cognitive performance (for mediation effect see [34]
and [36]).
Here, we report DTI ﬁndings from a sample of 287 subjects for
whom cognitive measures were acquired from four different cogni-
tive domains (episodic memory, word ﬂuency, visuospatial proces-
sing, and speed of processing). First, we tested the prediction of an
age effect on WM integrity (FA decrease and MD increase) and
whether such an effect was more pronounced in anterior compared
to posterior tracts. Second, and of main interest, the speciﬁcity of as-
sociations between WM integrity and the cognitive measures was in-
vestigated using hierarchical regression analyses set up to delineate
whether WM integrity mediates the effects of aging on cognition.
Given that speciﬁc brain systems mediate various cognitive pro-
cesses, it was predicted that some WM tracts contribute more to
some cognitive functions than others [31]. To examine tract-speciﬁc
associations with the four cognitive outcome measures, we deﬁned
twelve white-matter regions of interest (ROI) based on previous DTI
studies of aging [18,37,38]. The most contributive tract(s) to each
cognitive measure were indentiﬁed using step-wise regression. Flu-
ency tasks are generally considered to tax semantic retrieval process-
es as well as executive processing [39,40]. Thus, WM tracts involving
the frontal lobes in general (e.g., genu of the corpus callosum, unci-
nate fasciculus) and the left frontal lobe in particular may be related
to the ﬂuency measure, possibly along with tracts connecting the
frontal and temporal lobes (e.g., arcuate fasciculus), where distribut-
ed representations of semantic knowledge are stored [41]. Episodic
memory depends on integrating diverse information into an episodic
event and can thus be expected to depend on widespread WM integ-
rity, although frontal lobe and medial temporal lobe regions are
expected to be key players [42]. Thus, the cingulum bundle as well
as uncinate fasciculus may speciﬁcally relate to episodic memory. Vi-
suospatial processing engages the visual and parietal cortices and
may thus be affected by lower WM integrity in the arcuate fasciculus
and the splenium of the corpus callosum. Finally, letter digitsubstitution involves visual scanning, mental ﬂexibility, sustained at-
tention, and speed of information processing. It might thus be consid-
ered to be non-speciﬁc tests of global brain function [12] and thereby
be related to widespread WM integrity.
2. Materials and methods
2.1. Subjects
All subjects (N=287, 148 females) were part of the BETULA Pro-
spective Cohort Study on memory, health, and aging [1]. Subjects'
age ranged from 25 to 80 years (mean=59.3±13.1 years) and they
were divided into 8 age groups (Table 1). The age distribution was
skewed towards older participants, with 232 subjects between ages
55 and 80 years. None of the participants had any history of severe
neurological illness or events, had normal or corrected to normal vi-
sion, and were in good general health. They were non-demented,
scoring ≥26 on the mini-mental test (MMT; [43]). Informed consent,
in accordance with guidelines of the Swedish Council for Research in
the Humanities and Social Sciences, was signed by all participants.
2.2. Diffusion tensor imaging
Diffusion tensor imaging data were collected on a 3 T Discovery
MR750 (General Electric) scanner with a 32-channel head coil. Diffu-
sion-weighted data with a spatial resolution of 0.98×0.98×2 mm
were acquired by a single-shot, spin-echo-planar, T2-weighted se-
quence. The sequence parameters were: TR=8.0 s, 64 slices with no
gap in between, 256×256 matrix (FOV=250 mm), 90 deg. ﬂip
angle, TE=84.4 ms, 3 repetitions of 32 independent directions,
b=1000 s/mm2 and six b=0 images. All participants were scanned
on the same scanner with no software or hardware update during
the entire data-collection period.
2.3. DTI data analysis
Diffusion-weighted data were analyzed using the University of
Oxford's Center for Functional Magnetic Resonance Imaging of the
Brain (FMRIB) Software Library (FSL) package (http://www.fmrib.
ox.ac.uk/fsl). As the ﬁrst step of preprocessing, the three subject-spe-
ciﬁc diffusion acquisitions were averaged. This was done by
concatenating the three volumes in time followed by eddy correction
of the concatenated volume (to correct for head movement and eddy
current distortions). The eddy-corrected volume was then split and
averaged to produce a single volume containing six b=0 and 32 gra-
dient directions. Using this method, multiple repeats of a given gradi-
ent direction were properly averaged after aligning the
corresponding gradient directions to each other to account for head
motion. The ﬁrst volume within the averaged volume that did not
have a gradient applied (i.e. the ﬁrst b=0) was used to generate a bi-
nary brain mask with the Brain Extraction Tool (BET; [44]). Finally,
DTIﬁt was used to ﬁt a diffusion tensor (a mathematical description
of magnitude and directionality of the water molecule movement in
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such, voxel-wise maps of fractional anisotropy (FA) and mean diffu-
sivity (MD) were yielded.
The remaining processing stream followed the Tract-Based Spatial
Statistics (TBSS) method, distributed as a part of the FMRIB software
library package [46]. First, all FA images were non-linearly normal-
ized (using intermediate degrees of freedom) to the most typical sub-
ject of the entire group and then afﬁne-aligned into 1×1×1 mm3
MNI152 standard space for convenience of interpretation [46]. The
most typical subject was identiﬁed by registering all subjects to
each other [47], and the one which had the minimum mean distance
(of the warp ﬁeld) to all other subjects was used. Next, individually
transformed FA images were averaged to produce a mean FA of the
entire group. This image was fed into the tract skeleton generation
program to produce a group skeleton. The group skeleton was gener-
ated by a morphological operation extracting the medial axis of white
matter ﬁber-tracts common to all subjects (the mean FA skeleton was
thresholded at 0.2 to exclude voxels containing gray matter or cere-
brospinal ﬂuid). Finally, each subject's aligned FA image was pro-
jected onto the skeleton. This was done by initially searching a
subject-speciﬁc FA image in the perpendicular tract direction to ﬁnd
the peak FA value and then assigning this value to the corresponding
point on the skeleton. Since the FA values vary rapidly in the perpen-
dicular, but not the parallel, direction of the local ﬁber bundle, the
peak FA which was mapped onto the skeleton should represent the
center of the tracts. Taken together, this step accounted for residual
misalignments induced by initial non-linear registrations. For MD im-
ages, the procedure was exactly the same but the non-linear transfor-
mation and projection vector extracted from the FA images were
applied to MD maps to align them to the target.
2.4. Tract-based analysis
Averaged FA and MD along the spatial course of certain major WM
tracts were computed with reference to JHU ICBM-DTI-81 white mat-
ter labels, which are part of the FSL atlas tools, developed at John
Hopkins University and distributed with the FSL package [48]. The
atlas was non-linearly normalized to the most typical subject in the
study and then afﬁne-aligned into MNI space in order to be precisely
aligned with the group skeleton. The image containing labels for indi-
vidual tracts was accordingly transformed to the most typical subject
space using nearest-neighbor interpolation. The average value (per
tract) was computed by averaging FA/MD values, on the skeleton,
along a tract in both hemispheres. Overall average FA/MD values
were computed by averaging values across the entire skeleton.
2.5. Statistical analyses
A within-group skeleton-wise regression analysis was performed
for FA/MD maps, separately. The regression model included mean-
centered age, mean-centered square of orthogonalized age, and
mean-centered sex. The signiﬁcance of the effect of interest at each
voxel on the skeleton was assessed using the randomize tool, which
tests the t value at each voxel against the null distribution generated
from 5000 permutation. Voxels surviving tN3 corrected for multiple
comparison at the cluster level threshold at pb0.05 were considered
to be signiﬁcant [49]. To address the question of whether WM tracts
mediated the association between the effect of aging and the cogni-
tive measure, a hierarchical multiple regressionmodel was conducted
onWM ROIs or on an average across the whole skeleton (see Table 4).
An initial step-wise regression was performed to identify the most
contributive tract(s) to each cognitive measure. Thereafter, the evalu-
ation of the mediation effect was carried out in two separate steps.
First, age was regressed onto cognitive performance to estimate the
simple age-cognition association. Second, DTI values (separate analy-
sis for FA and MD) from either the most contributive tract(s) or theentire skeleton and age were entered into a hierarchical regression
model (WM entered ﬁrst). This step addressed the question of
whether WM mediated the effect of aging on cognitive performance,
which should be manifested as a reduction in explained variance by
age compared to the ﬁrst step. The R-square in each step represents
how well data were predicted by the model, whereas the change in
R-square between step one and the next reﬂects the amount of the
predictive power added by including the DTI variable in the second
step. Critically, the beta values for age should be reduced when add-
ing DTI measures to the hierarchical model, indicating a mediating
role of WM integrity for the relation between age and cognitive per-
formance. The alpha level was set to 0.01. Since the main question
was to ﬁnd white matter tracts that predict age-related cognitive per-
formance, only white matter tracts showing signiﬁcant age-related
reduction of FA (pb0.05; TFCE corrected), and cognitive measures
showing age-related decline (pb0.001) were considered in the anal-
ysis. During the step-wise regression, ROIs were only added into the
model if the inclusion criterion (pmax=0.05) was met.
All subjects underwent the MMT [43], followed by a neuropsycho-
logical assessment with the BETULA test battery [1] including block
design, letter/digit substitution and several tests of episodic memory
and ﬂuency. Composite scores for episodic memory (ﬁve tasks: free
recall of sentences with and without enactment, category cued recall
of sentences with and without enactment, and immediate free recall
of word list) and ﬂuency (three word ﬂuency tasks: initial letter A,
initial letter M for ﬁve-letter words, initial letter B for names of pro-
fessions) were calculated by summing scores across tests (see
[1,50], for detailed test descriptions).
3. Results
3.1. Cognitive measures
A typical pattern of age-related cognitive decline was observed on
three of the four measures: block design (r=−0.44; pb0.001), letter
digit (r=−0.45; pb0.001) and episodic memory (r=−0.30;
pb0.001). By contrast, no signiﬁcant age effect was seen on the ﬂuen-
cy task (r=0.05; pN0.1).
3.2. Age-related differences in FA and MD
The overall FA value across the entire skeleton showed a strong
age effect (see Fig. 1A), with a non-linear trend suggesting accelerat-
ed WM deterioration in the oldest age groups [r2(linear)=0.94; r2
(non− linear)=0.98 ;Δr2=4%]. Similarly, the overall MD value in-
creased non-linearly [r2(linear)=0.90; r2(non− linear)=0.96;Δr2=6%]
across the eight age groups (Fig. 1B).
An extensive age-related FA reduction was observed throughout
the majority of WM tracts in the skeleton (Fig. 1A), with the excep-
tions of the cortico-spinal, the cerebellar peduncle, the medial lem-
niscus, and the pontine crossing tracts. The age-related FA reduction
was more pronounced in anterior tracts, including the genu of corpus
callosum, the forceps minor, and the anterior thalamic radiation. Ad-
ditionally, an age-related decline was signiﬁcant in middle and poste-
rior regions including the body of corpus callosum, the cingulum, the
anterior/posterior limb of the internal capsule, and the inferior longi-
tudinal fasciculus. The FA reduction was largely bilateral, suggesting
no or minimal hemispheric asymmetry. There was no region reﬂect-
ing signiﬁcantly higher FA with increasing age, which further sub-
stantiates the notion that WM integrity degrades with aging.
Signiﬁcant age-related increases in MDwere observed in the majority
of the clusters that showed signiﬁcant age-related decline in FA
(Fig. 1B), with the exceptions of the cingulum and the posterior
limb of the internal capsule. There was no region reﬂecting signiﬁ-
cantly lower MD with increasing age.
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Fig. 1. (A) The top panel shows the WM tracts with age-related decline in FA(red), overlaid on the WM skeleton(green). Circles highlight some of the WM tracts that declined with
aging (Ant. = Anterior; Sup. = Superior; long. = longitudinal; fasc. = fasciculus). The bottom panel represents mean FA for the entire skeleton across 8 age groups (25–30, 35–40,
45–50, 55, 60, 65, 70, 75–80). Age-related decline in FA is non-linear with accelerating decline after 60 years of age. (B) The top panel shows the WM tracts with age-related in-
crease in MD (yellow on the DTI skeleton (green)).The bottom panel shows meanMD for the entire skeleton across 8 age groups. The age-related increase in MD shows a non-linear
trend with accelerating increase after 60 years of age. (C) The top panel shows age-related decline in FA for the anterior section of the corpus callosum (genu), whereas the bottom
row shows age-related decline in FA for the posterior section of the corpus callosum (splenium). The genu (r=−0.97) is more susceptible to aging compared to the splenium (r=
−0.67). As for the whole-brain average, both sections show a superior non-linear ﬁt, demonstrating accelerating decline with increasing age.
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Simple correlation analyses across all participants were conducted
between each cognitive measure and the tract-speciﬁc DTI parame-
ters along the entire WM tract (Tables 2 and 3). No signiﬁcant corre-
lations were observed between ﬂuency performance and any of the
DTI parameters along the WM tracts. For episodic memory, a trendTable 2
Simple correlations of FA measures from selected WM tracts with age and neuropsy-
chological measures.
Tract name Mean FA
(M±SD)
Age Block
design
Episodic
memory
Fluency Speed
Genu of CC 0.65±0.03 −0.46 0.22 ns ns 0.22
Body of CC 0.66±0.03 −0.43 0.20 ns ns 0.27
Splenium of CC 0.79±0.02 −0.21 ns ns ns ns
Cingulum 0.57±0.03 −0.37 ns ns ns ns
Corona radiata 0.46±0.03 −0.44 0.22 ns ns ns
Cortico-spinal 0.59±0.03 ns ns ns ns ns
External capsule 0.46±0.02 −0.44 0.21 ns ns 0.28
Internal capsule 0.60±0.02 −0.41 0.21 ns ns 0.23
Sup./inf. fronto-occipital fasc. 0.53±0.03 −0.38 ns ns ns ns
Sup. longitudinal fasc. 0.50±0.02 −0.46 0.22 ns ns 0.28
Sagital striatum 0.54±0.03 −0.35 ns ns ns 0.19
Uncinate fasc. 0.53±0.04 −0.21 ns ns ns ns
Note. All r-values are signiﬁcant at pb0.05, corrected for multiple comparisons
(Bonferroni: 12×1 for age, 12×4 for cognitive tests). CC = Corpus Callosum, Sup. =
superior, Inf. = inferior, Fasc. = fasciculus.was seen for mean FA of the internal capsule (p=0.02) whereas
mean MD exhibited more widespread correlations with memory per-
formance such that higher diffusivity in the genu of corpus callosum,
the body of corpus callosum, the corona radiata, and the internal cap-
sule was associated with worse performance. For block design and
letter-digit, signiﬁcant correlations were observed for a majority of
the WM tracts, with exception for the splenium (marginallyTable 3
Simple correlations of MD measures from selected WM tracts with age and neuropsy-
chological measures.
Tract name Mean
MD 10−4×
(M±SD)
Age Block
design
Episodic
memory
Fluency Speed
Genu of CC 8.29±0.5 0.51 −0.27 ns ns −0.33
Body of CC 8.58±0.5 0.51 −0.26 −0.21 ns −0.36
Splenium of CC 7.33±0.3 0.41 −0.20 ns ns −0.22
Cingulum 0.57±0.3 ns ns ns ns ns
Corona radiata 7.90±0.4 0.49 −0.25 −0.20 ns −0.35
Cortico-spinal 7.00±0.3 ns ns ns ns ns
External capsule 8.00±0.4 0.48 −0.23 ns ns −0.30
Internal capsule 8.00±0.3 0.41 −0.19 −0.19 ns −0.25
Superior/inferior
fronto-occipital fasc.
7.94±0.4 0.44 −0.24 ns ns −0.30
Sup. longitudinal fasc. 7.70±0.3 0.47 −0.22 ns ns −0.30
Sagital striatum 8.32±0.3 0.27 ns ns ns ns
Uncinate fasciculus 7.89±0.4 −0.21 ns ns ns ns
Note. Values and abbreviations as in Table 2.
Table 4
Step-wise followed by hierarchical regression to investigate the mediation effect of
WM tracts or the entire WM skeleton on age-sensitive cognitive measures.
Predictors B R2 ΔR2 F(model)/F change
FA
Block-design
Step-wise regression
Genu of CC 0.23⁎ 0.05 15.20⁎
Simple regression
Age −0.44⁎ 0.19
Hierarchical regression
Genu of CC 0.03
Age −0.42⁎ 0.19 0.14⁎ 34.35⁎/50.855⁎
Hierarchical regression
Mean FA along the skeleton 0.05
Age −.41⁎ 0.19 0.12⁎ 34.62⁎/41.64⁎
Episodic memory
Step-wise regression
Internal capsule 0.13 0.02 5.26
Simple regression
Age −0.30⁎ 0.09
Hierarchical regression
Internal capsule 0.01
Age −0.29⁎ 0.09 0.07⁎ 13.55⁎/21.47⁎
Hierarchical regression
Mean FA along the skeleton −0.04
Age −.32⁎ 0.08 0.07⁎ 13.76⁎/22.08
Letter digit
Step-wise regression
External capsule 0.19⁎
Body of CC 0.16⁎ 0.09 15.64⁎/5.47⁎
Simple regression
Age −0.46⁎ 0.20
Hierarchical regression
External capsule 0.08
Body of CC 0.06
Age −0.38⁎ 0.20 .11⁎ 25.32⁎/40.34⁎
Hierarchical regression
Mean FA along the skeleton 0.14+
Age −.37⁎ 0.21 0.09⁎ 38.49⁎/33.92⁎
MD
Block-design
Step-wise regression
Genu of CC −0.27⁎ 0.07 23.13⁎
Simple regression
Age −0.44⁎ 0.19
Hierarchical regression
Genu of CC −0.06⁎
Age −0.41⁎ 0.19 0.12⁎ 34.84⁎/43.13⁎
Hierarchical regression
Mean MD along the skeleton −0.08
Age −0.39⁎ 0.19 0.09⁎ 34.97⁎/32.54⁎
Episodic memory
Step-wise regression
Body of CC −0.21⁎ 0.045 5.26
Simple regression
Age −0.30⁎ 0.09
Hierarchical regression
Body of CC −0.08
Age −0.25⁎ 0.09 0.05⁎ 14.42⁎/14.78⁎
Hierarchical regression
Mean MD along the skeleton −0.10
Age −.23⁎ 0.09 0.03⁎ 14.58⁎/9.94⁎
Letter digit
Step-wise regression
Body of CC −0.17+
Cingulum 0.12+ 0.17 15.64⁎/5.47⁎
Corona radiata −0.48⁎
Sagital Striatum 0.25⁎
Simple regression
Age −0.46⁎ 0.20
Hierarchical regression
Body of CC −0.09
Cingulum 0.05
Corona radiata −0.34⁎
Sagital striatum 0.22+
Age −0.30⁎ 0.24 0.06⁎ 18.58⁎/23.18⁎
Table 4 (continued)
Predictors B R2 ΔR2 F(model)/F change
MD
Letter digit
Hierarchical regression
Mean MD along the skeleton −0.20⁎
Age −.32⁎ 0.22 0.06⁎ 40.92⁎/22.08⁎
⁎ pb0.01.
+ pb0.05.
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tests and DTI parameters), the uncinate fasciculus (non-signiﬁcant
for block-design andmean FA) and the corona radiata (non-signiﬁcant
for letter-digit test and FA). DTI parameters in none of the selected
tracts reﬂected a signiﬁcant correlation with any of the cognitive
tasks such that poorer WM integrity associated with better cognitive
performance (Tables 2 and 3).
3.4. Hierarchical regression analyses
3.4.1. Visuospatial processing
For block design, the step-wise regression revealed that the genu of
the corpus callosum was the most contributing tract for both FA and
MD measures, accounting for 5% and 7% of the age-related variance, re-
spectively (Table 4). The effect of the genu was substantially reduced
after controlling for age and the model including both age and the genu
predicted 19% variance in the block design test, matching the variance
explained by the initial regression model which included only age as a
single explanatory variable. Further, no signiﬁcant mediation was found
for FA or MD averaged across the entire skeleton. Thus, WM integrity
did not signiﬁcantly mediate any age-related variance on block design.
3.4.2. Episodic memory
For FA andMDmeasures, the internal capsule and the body of corpus
callosum predicted 2% and 4% of the age-related differences in episodic
memory, respectively. The hierarchical regression including age and the
tract-speciﬁc FA/MD accounted for 9% of variance associatedwith the ep-
isodic memory, which is roughly equal to the amount of variance pre-
dicted by age variable alone. Also, no signiﬁcant mediation effect of FA
or MD was found for the skeleton average. Hence, WM integrity did not
mediate any age-related variance on the episodic memory test.
3.4.3. Processing speed
FA in the external capsule and the body of the corpus callosum
were the most contributing tracts, predicting 9% of the performance
on letter digit substitution. The hierarchical regression including the
external capsule, the body of the corpus callosum, and age predicted
20% of the age-related variance, which is equal to the amount of var-
iance accounted for by age variable alone. However, mean FA aver-
aged across the entire WM skeleton was a signiﬁcant mediator of
age-related differences. Similarly, for MD, the body of corpus callo-
sum, the cingulum, the corona radiata, and the sagital striatum were
the most contributive tracts, accounting for 17% of the age-related dif-
ferences in letter digit substitution. The hierarchical regression includ-
ing themost contributive tracts and age predicted 24% of the age-related
variance, which is higher than the amount of variance predicted by age
alone. Additionally, MD across the entire skeleton mediated age-related
variance for letter-digit performance (Table 4). Taken together, WM in-
tegrity signiﬁcantly mediated age-related variance on the processing
speed task.
4. Discussion
Age-related differences in white matter microstructures were ex-
amined using two measures of white matter integrity, FA and MD.
Age related decreases in FA and increases in MDwere observed across
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gest susceptibility in the anterior corpus callosum and the superior
longitudinal fasciculus. The noted pattern of increase/decrease in
MD/FA has been reported in several previous DTI studies of aging
[11,19–24,51,52].
The age-related decrease in FA and increase in MD were more
pronounced in the anterior section of the corpus callosum com-
pared to the posterior section (Fig. 1C), further substantiating the
anterior–posterior gradient of WM integrity in the corpus callosum
[11,20,22,25–27,51]; for review see [12,28]. However, due to an
extensive age-related reduction in WM integrity across the brain,
the anterior–posterior gradient was less pronounced (compare to
the corpus callosum) at the whole brain level.
Several speciﬁc WM tracts have previously been shown to be af-
fected by age, including the genu of corpus callosum [18,23,29,53],
prefrontal WM [24,27], the thalamic radiations [54], the internal cap-
sule [26,55], the corona radiata [21,54], and the cingulum [56,57]. The
FA reduction in the genu and the body of corpus callosum suggests a
disruption of the interhemispheric communication at the prefrontal,
motor, and supplementary motor levels [58], whereas the FA reduc-
tion in the superior longitudinal fasciculus highlights a disruption of
the intrahemispheric path connecting the frontal lobes with posterior
brain regions. Similarly, an FA reduction in the anterior section of the
internal capsule and the anterior corona radiata may manifest a dis-
ruption in the thalamocortical connections of frontal lobe [59]. The
onlyWM tract among selected ROIs that did not reﬂect any signiﬁcant
age-related trend was the cortico-spinal tract. As reported previously,
this tract reaches maturity during the ﬁrst 2 years of life and remains
largely intact during the rest of life [60].
Previous studies have indicated that WM deterioration associates
with cognitive decline in processing speed [30,61], semantic memo-
ry [33], and executive functioning [31]. However, these previous
studies suffer from relatively small sample sizes and/or limited cog-
nitive test batteries (but see [35]), which prevents strong conclu-
sions on the relation between WM and cognition. Moreover, a
demonstration of a correlation between WM integrity and a cogni-
tive measure in a sample of young or older subjects, which the ma-
jority of past studies rest upon, does not in itself necessarily imply
that WM integrity accounts for age-related variance on a cognitive
measure [12]. Indeed, the current study did not ﬁnd any evidence
from the hierarchical regression analyses supporting that WM integ-
rity differences mediated age-related cognitive decline in tasks mea-
suring episodic memory and visuospatial ability— despite signiﬁcant
simple correlations between WM and cognition (across age).
Fluency did not correlate with age or DTI measures in any of the
ROIs, which is in line with previous studies showing that WM integ-
rity measured by multiple DTI variables was weakly, if at all, related
to memory performance and ﬂuency [31,32,35,62–65]. However,
O'Sullivan and colleagues [29] reported that FA in middle regions of
WM correlated with verbal ﬂuency, but this relation was seen only
in older subjects. For the block design task, mean FA/MD in the supe-
rior longitudinal fasciculus and the genu of the corpus callosum was
positively/negatively correlated with the task performance. The su-
perior longitudinal fasciculus is a long bidirectional tract connecting
the occipital region to superior part of the frontal lobe which is re-
quired for visuospatial ability [66]. In addition to visuospatial ability,
the block design task taxes executive processes. The lack of a mediat-
ing effect of WM integrity for performance on the block design task,
is in line with previous studies that found no association between
WM integrity and executive function [64,67].
Support was obtained that mean MD in both the corona radiata
and the entire skeleton signiﬁcantly mediated age-related slowing
in the visual substitution task, such that higher MD was associated
with slower cognitive operations. Similarly, a mediation effect was
observed for mean FA, but this effect was only seen based on WM
measurement across the entire skeleton. Thus, MD exhibited a morewidespread relation than FA to processing speed. The corona radiata,
which was identiﬁed as the strongest mediator for the processing
speed, is a major WM tract running along the anterior–posterior
axis of the brain and supports fronto-parietal network interaction,
which might be required for the speed component of the visual sub-
stitution task. Similarly, a previous study has shown that age-related
decline in task switching reaction time was in part mediated by integ-
rity within a frontoparietal WM tract [34].
It is worth noting that the letter digit substitution test, which was
adopted as a measure of processing speed, probes a number of addi-
tional elementary cognitive processes such as visual analysis, sus-
tained attention, response selection, and motor execution [68].
However, to some degree, these processes are common to all four
cognitive tests used here. Given that cognitive decline in no test
other than letter digit substitution was mediated by WM integrity,
it is unlikely that any of the aforementioned cognitive processes ex-
plain the WM mediation in declining performance on the letter digit
substitution test. Further, a previous study by Salthouse [69] showed
that processing speed has considerable commonalities with what is
measured by the letter digit substitution test, such that an age effect
on the letter digit test was greatly attenuated after controlling for
processing speed. Taken together, processing speed is likely a core
cognitive process that the letter digit substitution test taps in to.5. Conclusions
In summary, the present ﬁndings implicate WM as one source of
age-related decline on tasks measuring processing speed, but they
do not support the view that age-related differences in episodic
memory or visuospatial processing are strongly caused by age-related
changes to white-matter pathways. Whereas this ﬁnding conﬂicts
with some previous claims of normal aging as a “disconnection syn-
drome” [29,70], they are in line with some other observations
[34,36,64,67]. We acknowledge that our conclusions on developmen-
tal WM changes rely on cross-sectional data, which can deviate from
ﬁndings from longitudinal studies [3,7,71–73]. Also, FA reductions in
very thin tracts such as the external capsule do not necessarily repre-
sent within-tract FA changes but may be an indication of partial vol-
ume effects or changes in tract thickness. A further caveat is that
white matter hyperintesities (WMH), which is a common ischemic
lesion among elderly [74], were not taken into account as a mediator
of age-related differences in FA or age-related differences in cogni-
tive measures. With these caveats in mind, we conclude that the
age-related cognitive changes that typically are observed on mea-
sures of episodic memory and visuospatial processing are not caused
by age-reductions in white-matter tracts and other mechanisms
need to be explored.Acknowledgments
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